Introduction {#sec1}
============

Gene-modified cell therapies have the potential to circumvent pathological conditions caused by genetic aberrations by introducing exogenous therapeutic transgenes into host cells. Unlike standard treatments using small-molecule drugs or biopharmaceuticals, which are designed to prevent or manage disease progression, cell and gene therapies often have long-lasting curative outcomes. This creates a new way to control disease and has fueled a rapidly growing and evolving field. In the past 5 years, there have been 11 new therapies approved by the U.S. Food and Drug Administration (FDA) and/or European Medicines Agency (EMA),[@bib1], [@bib2], [@bib3] and there are over 1,000 clinical trials currently being performed globally.[@bib4] Key to the success of this field has been the use of viral vectors that are the preferred delivery system for both gene therapies and gene-modified cell therapies to endow cells with functional copies of otherwise mutated genes or with synthetic genetic elements that exert novel biological functions. The ease with which their genome can be engineered and the relatively large cargo (up to 5 kb) they can accommodate have allowed their extensive use in more than 70% of current clinical trials.[@bib4] Vectors belonging to the retroviridae family, such as retroviruses and lentiviruses, can stably integrate into the host genome, providing potential long-term therapeutic benefits. However, these advantages are tempered by the intrinsic risk of insertional mutagenesis, which may occur when viral integration impairs the functionality of proto-oncogenes.[@bib5], [@bib6], [@bib7], [@bib8], [@bib9] To address concerns about these risks, regulatory authorities require cell therapy products utilizing viral transduction to undergo monitoring and reporting of various product specifications, including number of vector integrations per cell and transduction efficiency.[@bib10]^,^[@bib11]

The standard approach for measuring vector copy number (VCN) is through population analysis. In this approach, genomic DNA (gDNA) is extracted from bulk cells, and the total number of viral genomes, as determined by quantitative PCR (qPCR), represents the average of the whole population. However, as this approach is based on bulk DNA, it does not give a reliable representation of the true number of vector integrations in each cell nor the underlying cell-to-cell variability in the distribution of vector copies ([Figure 1](#fig1){ref-type="fig"}A). This may have implications for product safety, as it may underestimate the presence of cell clones with a high number of integrations that could persist and replicate following cellular transplantation.[@bib12], [@bib13], [@bib14] It may also lack the resolution to pinpoint changes in the final product specifications due to intrinsic variability in the manufacturing process caused, for instance, by the patient-specific donor cell material or lot-to-lot variability of vector batches.[@bib15]^,^[@bib16] Overcoming the disadvantages of population VCN (pVCN) could be achieved by measuring viral vector integrations in individually isolated single cells.[@bib13]^,^[@bib17], [@bib18], [@bib19] Single-cell methods have been largely employed to discern the composition of cell populations[@bib20]^,^[@bib21] by various transcriptomic and/or proteomic approaches,[@bib22], [@bib23], [@bib24], [@bib25] whereas novel methods that encompass analysis of additional genetic and epigenetic features are constantly developed.[@bib26], [@bib27], [@bib28], [@bib29], [@bib30] However, to date, these methods have largely been used to measure nucleic acid or protein targets that are present at relatively high levels. Consequently, the sensitivity of single-cell analysis for detection of single-copy targets, such as vector integrations, is poorly explored.Figure 1Population Vector Copy Number Analysis by ddPCR(A) Population average (dashed line) can underlie a broad VCN distribution at a single-cell level, and this can be indicative of the population heterogeneity (inset). (B) Representative 2D plot of a duplex ddPCR reaction with VG1 and RG1 targets. Single positive droplets are shown in green for human targets and in blue for viral targets, whereas double-positive droplets are in orange and double negatives are in gray. (C) ddPCR analysis of the population VCN in cells transduced at MOI 0.3 or MOI 1. Two independent biological replicates (blue dots) for each condition were subject to duplex ddPCR reactions using unique combinations of vector and human reference assays for a total of six different measurements (pVCN1--6). Error bars indicate ranges. VG, vector gene; RG, human reference gene. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

To overcome this limitation, droplet digital PCR (ddPCR) technology offers a valuable solution, given its ability to provide absolute quantification of low abundant targets and rare events. In contrast to the conventional qPCR methodology, which is influenced by the efficiency of the primers to anneal and linearly amplify their target sequences and the requirement for standards at known concentrations to allow relative quantification, ddPCR does not required reference standard curves or linear amplification kinetics.[@bib31]^,^[@bib32] Instead, the sample for analysis is partitioned into thousands of individual reactions using a water-oil emulsion-droplet technology. An end-point PCR reaction is performed to provide a digital fingerprint of positive and negative droplets, which in turn, provides the absolute quantification of the targets based on Poisson statistics. This approach is increasingly used within the field to measure, for example, viral titer based on total genome copies.[@bib33], [@bib34], [@bib35], [@bib36], [@bib37] However, to allow for a more reliable quantification, tens to hundreds of copies of a target are preferable, which may limit the direct application of this method to single-cell analysis. Therefore, a ddPCR approach would benefit from the development of robust techniques for unbiased preamplification of single-cell genomic material to allow quantification of individual vector integrations into the host genome on a cell-by-cell basis.

In this study, we use a human primary T cell immunotherapy model transduced with a lentivirus encoding a green fluorescent protein (ZsGreen) to design a high-content, single-cell method for measuring vector copy number. Using ddPCR, we apply a multiplexing strategy to quantify simultaneously lentiviral vector and human reference sequences in the same reaction. We then evaluate the performance of a range of reagents for preamplification of DNA prior to ddPCR analysis. By selecting the best nonbiased preamplification approach, we then demonstrate how vector and human genomic sequences can be measured by ddPCR in individually isolated cells and the single-cell VCN (scVCN) estimated down to single copy number level by a Bayesian statistics framework. This novel, highly sensitive approach for single-cell VCN provides, for the first time, a rapid and robust tool to investigate cell-to-cell variations during viral transduction. We anticipate that the detailed characterization of gene-modified cell therapies will allow tighter control over product safety, as well as increased understanding of product variability.

Results {#sec2}
=======

Population VCN Measurements Using Droplet Digital PCR {#sec2.1}
-----------------------------------------------------

Human peripheral blood mononuclear cells (PBMCs) were derived from healthy donors, and cluster of differentiation (CD)3^+^ T cells were purified using magnetic separation. Preactivated T cells were transduced using a commercially available HIV-1 lentivirus encoding a green fluorescent ZsGreen protein at a multiplicity of infection (MOI) of either 0.3 or 1.0. Cells were cultured for 7 days, after which, transduction efficiency was measured by flow cytometry, yielding an average transduction level between 30% and 50% (data not shown). To measure the VCN of the transduced cells at the pVCN level, we designed three hydrolysis-probe assays targeting *RRE* (VG1), *WPRE* (VG2), and the *ZsGreen* transgene (VG3) vector sequences. These were used in combination with two commercially available human copy number reference gene (RG) assays for ribonuclease P RNA component H1 (*RPPH1*; RG1) and telomerase reverse transcriptase (*TERT*; RG2) to generate six unique combinations of duplex ddPCR reactions ([Figures 1](#fig1){ref-type="fig"}B and [S1](#mmc1){ref-type="supplementary-material"}). The analysis showed that the mean and standard deviation for each pVCN was 1.43 ± 0.10 (MOI 0.3) and 2.45 ± 0.05 (MOI 1.0), indicating a 1.7-fold increase in vector copies per cell when increasing the vector load ([Figure 1](#fig1){ref-type="fig"}C). The coefficient of variation (CV) for all of the six combinations of primers was 7% (MOI 0.3) and 2% (MOI 1.0) with CVs within each primer pair ranging between 4% and 4.6%. These values are comparable to accepted ddPCR intra-assay variations for identical replicates,[@bib38]^,^[@bib39] suggesting that each duplexed assay is equally effective at measuring vector copies at the population level.

Optimal Preamplification of Genomic DNA Is Achieved with Targeted Amplification {#sec2.2}
-------------------------------------------------------------------------------

In order to apply the established ddPCR bulk assays to single cells, genomic targets required an initial round of preamplification to generate sufficient input material for accurate quantification of multiple targets over background noise. To ensure that preamplification can be achieved without introducing a PCR bias, we tested a range of commercial kits for both whole genome amplification (WGA; three kits: PicoPlex, GenomePlex, and Multiple Annealing and Looping Based Amplification Cycles \[MALBAC\]) or targeted amplification (two kits: Fluidigm and Applied Biosystems) and assessed whether there was a proportional amplification across several targets. For these initial optimization experiments, gDNA was extracted from bulk transduced cells and used to test kit performance following the manufacturers' protocols.

For each WGA kit, four gDNA samples were subjected to parallel, independent reactions, and each sample was assayed with the six duplexed ddPCR primer combinations previously established. Absolute quantification of the number of amplified target copies showed a large amplification bias for both the vector genes (VGs) and human RGs for all target sequences ([Figure 2](#fig2){ref-type="fig"}A). In particular, RG2 failed to be successfully amplified in all three kits (10- to 1,000-fold difference to RG1), whereas VGs were amplified nonuniformly with the mean CV of 42%, 140%, and 129% for GenomePlex, MALBAC, and PicoPlex, respectively. Variability among the technical replicates was also observed within each target for both PicoPlex and MALBAC kits, with CVs ranging between 21%--84% and 30%--78%, respectively, whereas GenomePlex performed more consistently and showed CVs between 5% and 29%. Notably, nonamplified gDNA used as a control showed no differences within the groups of genes ([Figure 2](#fig2){ref-type="fig"}B) and inter-replicate variation of around 2%--3%, demonstrating that the bias observed with the WGA kits was independent of the ddPCR readout. Consequently, when average VCN was calculated from these WGA data, mean and CV values were too high to be considered accurate ([Figure S2](#mmc1){ref-type="supplementary-material"}A; [Table S1](#mmc1){ref-type="supplementary-material"}).Figure 2Targeted Preamplification, but Not WGA, Follows Linear Amplification Kinetics and Maintains the Relative Abundance of the Target Genes(A) Absolute number of target-gene copies recovered by ddPCR after WGA reactions with three commercial kits across four parallel and independent WGA reactions. (B) Nonamplified gDNA is used as a ddPCR control and shows a uniform absolute number of target-gene copies across four gDNA samples. (C) Absolute number of target-gene copies recovered by ddPCR after targeted preamplification reactions with two commercial master mix reagents across two parallel and independent reactions. Three vector genes (VG1--3) are indicated by clear bars; two human reference genes (RG1 and RG2) are indicated by dark bars. Each blue dot represents one measurement from an independent duplex ddPCR reaction. Error bars show the standard deviation. VG1, RRE; VG2, WPRE; VG3, ZsGreen; RG1, RPPH1; RG2, TERT. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

For targeted preamplification, we tested two commercially available master mixes by Fluidigm or Applied Biosystems adapting the manufacturers' instructions to gDNA amplification. Two gDNA replicates were analyzed by ddPCR using the six duplex hydrolysis-probe assay combinations for each sample. Following targeted preamplification, the resulting absolute number of copies was very consistent within each group of genes with mean variations in the VG group of 9% for the Fluidigm mix or 20% for the Applied Biosystems one and mean differences in the RG group of 11% and 14% for the Fluidigm and the Applied Biosystems mixes, respectively ([Figure 2](#fig2){ref-type="fig"}C). Moreover, the calculated VCN of 1.00 and 0.67 for Applied Biosystems and Fluidigm preamplification mixes (CV 13% and 10%), respectively ([Figure S2](#mmc1){ref-type="supplementary-material"}B), was consistent with the nonamplified gDNA VCN of 1.00 ([Table S1](#mmc1){ref-type="supplementary-material"}). These results provided sufficient evidence that the targeted approach leads to linear preamplification of the target genes and therefore, was used as the preamplification method for subsequent experiments on single cells.

Single-Cell Analysis Provides a Vector Copy Number Distribution Consistent with Population Measurements {#sec2.3}
-------------------------------------------------------------------------------------------------------

To test the application of preamplification and ddPCR for single-cell analysis, we initially fluorescence-activated cell sorted (FACS) two samples of independently transduced cells with different bulk pVCN levels and selected highly pure ZsGreen^+^ transduced populations. Samples from the sorted cell populations underwent gDNA extraction, were analyzed using the six duplex ddPCR assays, and were shown to have a pVCN of 1.46 ± 0.32 ("low") and 2.93 ± 0.12 ("high"), respectively. Concomitantly, each sorted cell sample was loaded onto a Fluidigm C1 Single-Cell AutoPrep System to capture individual cells ([Figure 3](#fig3){ref-type="fig"}A), which were then stained with calcein blue acetoxymethyl (AM; live cell dye) and ethidium homodimer-1 (nonviable cell dye). The microfluidic chip was imaged to identify capture sites containing one live cell ([Figure S3](#mmc1){ref-type="supplementary-material"}A) and showed an overall capture rate of live single cells of 75%. The captured ZsGreen^+^ cells underwent gDNA extraction and targeted preamplification within the microfluidic chip, and the amplified material was analyzed by duplex ddPCR reactions to generate six single-cell VCN datasets from each unique duplex combination ([Figures 3](#fig3){ref-type="fig"}B and 3C). This showed that although the average VCNs for each duplex combination were comparable to each other and to the bulk gDNA, there was a high level of heterogeneity in VCNs at the single-cell level, information that was unavailable in the population gDNA analysis. Comparison between each dataset showed small variations in VCN measurement from the same single cell, and this was globally monitored by pairwise correlations, which exhibited an overall positive correlation between each combination ([Figures S3](#mmc1){ref-type="supplementary-material"}B and S3C) with a mean Spearman correlation coefficient of 0.779 for the low pVCN sample and 0.641 for the high pVCN sample. This suggested that the presence of minor variations was likely due to the use of diverse and unique combinations of target genes instead of identical technical repetitions of the same target combination. Next, for each individual cell, we calculated the mean scVCN from the six ddPCR measurements and used the standard error of the mean to visualize the technical variability ([Figures 3](#fig3){ref-type="fig"}D and 3E). As expected, the mean value provides a measurement for scVCN that is not an integer, which creates an uncertainty in the exact scVCN estimate. To account for this uncertainty, we generated a computational framework based on Bayesian statistics to model the probability of each possible copy number. For each individual single cell, the copy with the maximum probability was derived to estimate the scVCN integer per cell with the highest likelihood score ([Figures S3](#mmc1){ref-type="supplementary-material"}D and S3E). With the use of this statistical framework, we derived scVCN predictions and grouped these to express the proportion of each copy number per cell in the population ([Figures 3](#fig3){ref-type="fig"}F and 3G). This approach allows the evaluation of the heterogeneity of the VCN distribution at the single-cell level in the transduced cell populations. The sample with an average pVCN of 1.46 vector copies per cell contained approximately 64% of cells with one copy, 23% with two copies, 5% with three copies, and 3% with four copies. No cells were detected that had five or more copies ([Figure 3](#fig3){ref-type="fig"}F). Notably, for the sample with a higher average pVCN of 2.93, the distribution of vector copies shifted toward higher values, with only 27% of single cells having one copy, 40% of cells with two copies, and 18% with three copies, whereas 9% of cells had five or more vector copies ([Figure 3](#fig3){ref-type="fig"}G).Figure 3Single-Cell Vector Copy Number Assay on Two Cell Samples(A) Diagram of the scVCN workflow. The steps in the light blue box are performed within the closed Fluidigm C1 system. ddPCR analysis is performed on each single-cell preamplified material on the QX200 Bio-Rad system. (B and C) Single-cell VCN values from each duplex assay combination are shown for the low (B) or the high (C) pVCN samples, whereas the values from bulk gDNA analysis (gray) include all six combinations and are shown as reference. Combinations originating from RG1 are in light blue, whereas the combinations with RG2 are in dark blue. Each boxplot is represented with mean and standard deviation. (D and E) The mean of the six scVCN combinations is shown for each single cell in the low (D) and high (E) pVCN samples and represented with standard error and 95% confidence interval. Single cells are ordered by increasing mean values. (F and G) Proportion of single cells with predicted vector copy units determined by Bayesian analysis in the low (F) and high (G) pVCN samples. The percentage of single cells with five or more vector copies is grouped. pVCN from bulk population analysis is indicated at the bottom with the standard deviation, alongside the mean of the single-cell VCN predictions. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Performance of the scVCN Assay and Further Optimization {#sec2.4}
-------------------------------------------------------

Single-cell vector copies may be collated together to provide a mean of predictions that can be compared to the pVCN value to evaluate the consistency of the method against a reference value and highlight potential sampling effects under the assumption that the measured pVCN corresponds to the true population VCN. We observed that the mean of scVCN predictions and the pVCN were highly comparable, with differences (ΔVCN) of 2.0% and 19.8% for the low and high pVCN samples, respectively ([Figures 3](#fig3){ref-type="fig"}F and 3G, bottom).

In order to gain further understanding of the performance of the assay, we applied the scVCN workflow to seven additional sorted transduced samples and observed that populations characterized by a higher bulk VCN generally showed a wider range of vector integrations ([Figures 4](#fig4){ref-type="fig"}A and 4B). Moreover, whereas the difference from the population VCN value seemed greater in some individual samples with high pVCN, we did not observe any clear trend when comparing side-by-side ΔVCN and bulk gDNA ([Figure 4](#fig4){ref-type="fig"}B). Notably, this difference was consistently less than or equal to \~20% ([Figure 4](#fig4){ref-type="fig"}B); thus, we deemed these ΔVCN values acceptable for such type of single-cell prediction and expected the overall accuracy of the method to be equal to or greater than 80% under these experimental conditions. To corroborate these observations, linear regression analysis demonstrated that the mean scVCN correlated positively with the pVCN (R^2^ = 0.7156) with a nonsignificant deviation from linearity ([Figure 4](#fig4){ref-type="fig"}C).Figure 4Performance of the scVCN Assay(A) scVCN distribution in nine FACS-transduced cell samples (blue heatmap). The blue gradient represents the proportion (%) of single cells with the indicated number of vector copies in each sample. Vector copies not detected in the samples are in light gray. (B) Heatmaps of the ΔVCN (purple), which is the difference (%) between the mean of the scVCN predictions and the bulk VCN (green). Samples in both heatmaps are ordered by decreasing ΔVCN values. (C) Linear regression between population VCN and mean of the scVCN predictions showing a positive correlation (R^2^ = 0.7156). (D) Proportion of single cells (%) with predicted vector copy integers. For representation purposes, single cells with 11 or more copies are grouped, and percentages are shown as cumulative values of three VCN ranges. Corresponding pVCN from bulk gDNA ddPCR analysis is indicated at the bottom with the standard deviation, alongside the mean of the single-cell VCN predictions. (E) A sample with pVCN = 9.80 was analyzed across six Fluidigm chips. The variability in the scVCN distribution for each chip is showed in the heatmap (bottom), whereas the average number of cells within each VCN level is represented (mean ± SEM) with a locally weighted scatterplot smoothing (LOWESS) fit (top). p value \> 0.05. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

As these initial studies were performed on a small population size using one single Fluidigm chip, we sought to increase the throughput of the analysis and test the feasibility of the method when analyzing multiple chips per sample. To facilitate this analysis, we optimized the ddPCR readout by introducing minor modifications to the multiplexing strategy and the primer design, whereas the complete workflow for single-cell isolation, processing, and data analysis was unchanged. We initially screened a larger panel of commercially available human reference genes during preamplification experiments on gDNA and compared these with the RG1 (*RPPH1*) and RG2 (*TERT*) human targets ([Figure S4](#mmc1){ref-type="supplementary-material"}A). As *RPPH1* and *SPATA18* showed similar preamplification levels, we selected these two for ddPCR analysis. Additionally, to extend the applicability of the method to other types of lentiviral-based samples, one of the targets specific for the *ZsGreen* gene cargo (VG3) was replaced by primers targeting a conserved region on the lentiviral backbone[@bib40] within the *Psi* sequences, which also maintained similar preamplification levels with the other VG targets (data not shown). These primers were tested in duplex and triplex reactions (i.e., using one vector gene and two reference genes in combination) and showed no difference in ddPCR quantification (data not shown).

Using these optimized experimental conditions, we set out to verify whether the single-cell VCN distribution was a bona fide representation of the whole population by analyzing independent samplings of the same population and ultimately to increase the total sample size. Given that the previously analyzed samples had a bulk VCN range of 1--3 and thus provided relatively narrow scVCN distributions, we sought to increase purposely the population heterogeneity by generating a transduced sample with bulk VCN of 9.80 ± 0.83, expecting to obtain a substantially wider VCN range that could reveal putative subsampling variations. For this experiment, we used six microfluidics chips to isolate a total of 422 live single-transduced cells (73% average single-cell recovery) for which we observed a broad range of ddPCR vector copy measurements ([Figure S4](#mmc1){ref-type="supplementary-material"}B). Notably, the new primer combinations encompassing VG3 and/or RG2 showed highly similar results for single-cell VCN values in comparison to the unmodified combinations ([Figure S4](#mmc1){ref-type="supplementary-material"}B) and an improved pairwise correlation with a mean Spearman coefficient of 0.800 ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Next, we determined the mean VCN for each individual cell and estimated the technical variability among the six primers/probe combinations ([Figure S4](#mmc1){ref-type="supplementary-material"}D). The scVCN predictions that were generated with the Bayesian model confirmed the high heterogeneity of the sample and showed vector copies spanning from 1 to 44. Thus, we grouped the single cells by VCN ranges to reflect supposedly decreasing safety levels and reported 31% of cells in range 1--4, 42% in range 5--10, and 26% of single cells with 11 or more vector copies ([Figure 4](#fig4){ref-type="fig"}D). Notably, with the comparison of the mean of the single-cell VCN predictions to the corresponding bulk pVCN, we observed a 16% difference, which was similar to the variation observed for all of the other samples with bulk pVCN between 1 and 3, corroborating the reliability of the assay for samples with substantially higher bulk pVCN. Next, we segregated the single cells by the microfluidic chip on which they were isolated, and we analyzed each dataset independently but with the same quality thresholds to evaluate the effect of subsampling. Interestingly, we observed that despite the small population of single cells isolated on each chip (\~70 cells on average) and the high heterogeneity of the sample, the distribution of the scVCN was markedly similar across all chips (p \> 0.05, Kruskal-Wallis test), with the highest frequency of single cells bearing 3 to 7 vector copies ([Figure 4](#fig4){ref-type="fig"}E). Further pairwise comparison between chip combinations indicated a nonsignificant difference between each chip, although only chip 6 showed a minimal significant difference against chip 3, with a p value of 0.0437 (Kruskal-Wallis with Dunn's test multiple comparisons correction), yet nonsignificant differences with all other four chips ([Figure 4](#fig4){ref-type="fig"}E). Therefore, these results indicated the absence of significant subsampling effects in a sample with a bulk VCN of \~10 and suggested that small sample sizes could reliably represent the distribution of the vector copies in the population of transduced cells.

Single-Cell VCN Analysis for a Lentiviral-Based Cell Therapy Product {#sec2.5}
--------------------------------------------------------------------

As we replaced the *ZsGreen* primers/probe with new ones targeting the lentiviral backbone, we set out to use the assay on a broader range of lentiviral-based cell therapy products. For this, we tested the performance of the assay on a nonsorted transduced cell sample, which would more closely mimic gene-modified cell therapy medicines. Having established that scVCN distributions are consistent across multiple population samplings, we performed the analysis on two consecutive microfluidic chips to balance the expected reduction in the number of captured transduced cells due to the presence of nontransduced cells. The single-cell capture rate was 81% for chip 1 (N = 78) and 86% for chip 2 (N = 83), which provided a total of 161 single live cells. These underwent targeted preamplification within the Fluidigm C1 system and were then analyzed using the newly optimized ddPCR workflow, as previously described. Also, we confirmed with this analysis that the new primer/probe combinations encompassing VG3 and/or RG2 were similar to the unmodified combinations ([Figure 5](#fig5){ref-type="fig"}A), and this was supported by a good pairwise correlation with a mean Spearman coefficient of 0.857 ([Figure S5](#mmc1){ref-type="supplementary-material"}). Next, for each individual cell, we calculated the mean scVCN from the six ddPCR measurements and used the standard error of the mean to visualize the technical variability ([Figure 5](#fig5){ref-type="fig"}B). As anticipated, the ddPCR analysis was able to detect nontransduced cells that had a normal signal for the human reference genes but no signal for the vector targets (i.e., scVCN = 0; [Figure 5](#fig5){ref-type="fig"}B), thus indicating no lentiviral integration. Statistical analysis using the Bayesian framework showed that 18% of cells had no vector integrations, followed by 29%, 22%, 17%, and 6% for one, two, three, and four vector integrations, respectively ([Figure 5](#fig5){ref-type="fig"}C). Around 8% of the cells had more than five vector integrations, with the highest scVCN being nine. The mean of the scVCN predictions was 1.9 copies per cell and was comparable with the pVCN of 2.3 ± 0.24 measured using genomic DNA with a ΔVCN of 17%, which is consistent with the previously observed values ([Figure 4](#fig4){ref-type="fig"}B). As the data were generated from the analysis of two microfluidic chips, we compared the number of observed events on each chip to verify whether the two scVCN distributions were consistent when considered as technical replicates. To do this, we analyzed each dataset independently, applying the same quality criteria, and produced two scVCN distributions ([Figure 5](#fig5){ref-type="fig"}D). Only minor differences were observed in the number of single cells with two to four copies, and statistical analysis confirmed that there was no significant difference between the two chips (p = 0.9842, two-tailed Mann-Whitney test).Figure 5The scVCN Workflow Applied to Nonsorted Samples(A) Single-cell VCN values from three triplex ddPCR assays (one VG and two RG in each reaction) generate six unique VG/RG measurements. scVCN values are in light blue for RG1 and in dark blue for RG2. pVCN from identical triplex ddPCR on bulk gDNA is shown in gray. Each boxplot is represented with mean and standard deviation. (B) The mean of the six scVCN combinations is shown for each single cell and represented with standard error and 95% confidence interval. Values with zero mean correspond to nontransduced single cells in which only reference genes, but not vector genes, could be detected by ddPCR. Single cells are ordered by increasing mean values. (C) Proportion of single cells (%) with predicted vector copy integers determined by Bayesian analysis. The percentage of single cells with five or more vector copies is grouped. Corresponding pVCN from bulk population analysis is indicated at the bottom with the standard deviation, alongside the mean of the single-cell VCN predictions. (D) Comparison between two consecutive microfluidic chips. Two-tail Mann-Whitney test shows a nonsignificant difference between scVCN distributions (p value = 0.9842). (E) Comparison of transduction efficiency values measured with three methods. Flow cytometry indicates the percent of live ZsGreen^+^ cells relative to nontransduced control cells; imaging refers to the number of live green cells on the microfluidic chips relative to the total number of live cells; and PCR-based transduction efficiency derives from the scVCN workflow and is calculated as the number of cells with at least one vector copy relative to the total number of analyzed cells. See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

Finally, as the sample contained a mixture of transduced and nontransduced cells, we compared the transduction efficiency value obtained by single-cell ddPCR with live imaging and flow cytometry. A direct comparison of these different methods produced similar values, with an overall transduction efficiency of \~80% ([Figure 5](#fig5){ref-type="fig"}E), suggesting that this method could provide a reliable PCR-based estimation of transduction efficiency.

Discussion {#sec3}
==========

Cell therapy products need to conform to a regulatory requirement prior to being released for infusion to patients. Therefore, tightly controlled processes are required to ensure these products meet rigorous standards for quality and safety. This is achieved during development and manufacturing through analytical characterization, which is pivotal for monitoring product specifications and critical quality attributes. However, as cell-based therapies are extremely complex to develop and highly susceptible to multiple sources of variability,[@bib16]^,^[@bib41]^,^[@bib42] there is a growing need for advanced analytical tools that offer a more in-depth characterization to support the development of consistently high-quality cell therapies. We have reported here an advanced analytical method for single-cell vector copy distribution and PCR-based transduction efficiency that represents a step change in the ability to evaluate product heterogeneity throughout the drug-development process.

In this study, we have shown that reliable estimation of the integer number of vector copies per single cell is achievable with a rapid and robust ddPCR-based workflow, combined with an in-house Bayesian statistical framework, thus unraveling the underlying heterogeneity during transduction. We have demonstrated that the assay performs consistently across a broad range of VCN values from 1 to 10, which comprises the typical values for clinically relevant lentiviral-based cell therapies. Due to the lack of a suitable reference material, only a proxy for accuracy could be assessed by comparing the mean of the scVCN predictions to an orthogonal measurement of the bulk VCN by ddPCR. By doing so, we have shown that the difference between the two methods is less than or equal to approximately 20%, regardless of the population VCN value. Despite the small number of single cells that can be analyzed by each individual microfluidic chip, the resulting vector copy distributions generated by independent samples from the same population show very similar profiles with no statistical difference, corroborating the reliability of the analysis and the minimal impact of sampling errors. Importantly, this also suggests that the method can be scaled out to increase the throughput of the analysis, which may be relevant if the detection of less frequent events within the population is required. However, whereas increased throughput is often desirable, this must be balanced against the increased workload associated with analysis of multiple microfluidic chips. For instance, analysis of samples with low transduction efficiency (e.g., 20%--30%) could be initially performed using two chips, with the possibility of further scaling out the number of chips if a higher resolution is required.

We have also shown that the scVCN assay is insensitive to ddPCR multiplexing or changes of target primer sequences. This suggests the following: (1) that high-order ddPCR multiplexing strategies may be implemented to reduce the downstream analytical burden, and (2) whereas it was designed to analyze a lentiviral-based product, it can be amenable to other viral and nonviral delivery systems or transgenes by simply optimizing ddPCR primer sequences complementary to any desired target.

Another parameter required by regulators is transduction efficiency, inferred here as the proportion of cells that have undergone a genetic modification. This is typically measured by flow cytometry, thereby representing the proportion of cells with detectable levels of exogenous protein expression. However, the use of a fluorescent labeling approach is not possible or effective, for instance, when specific antibodies are unavailable, when a protein is ubiquitously expressed, or when mutated proteins are replaced by wild-type ones. Conversely, a PCR-based approach, such as the scVCN assay, overcomes these limitations and offers a rapid and sensitive strategy to distinguish transduced (positive ddPCR signal for both vector and human targets) from nontransduced cells (positive ddPCR signal only for human targets). Notably, other PCR-based approaches are currently employed to measure transduction efficiency, such as a qPCR/ddPCR analysis on clonal populations isolated and expanded from individual cells.[@bib13]^,^[@bib18] However, this approach is more variable, nonscalable, and extremely time consuming and is therefore less amenable to supporting rapid developments in the cell therapy field. Another ddPCR-based approach was published that used encapsulation of single cells in oil droplets,[@bib43] yet this method has proved to be difficult to reproduce and extremely variable (unpublished data).

Whereas genotoxicity of lentiviral vectors has improved over the last decades, thanks to the widespread implementation of safer, self-inactivating vectors,[@bib44], [@bib45], [@bib46], [@bib47], [@bib48] insertional mutagenesis is nevertheless a risk factor for oncogenesis.[@bib49] Although regulatory agencies acknowledge this risk for gene-modified cell therapies,[@bib9]^,^[@bib11]^,^[@bib50] they have not yet defined precise rules concerning the acceptable number of vector copies per cell, although the FDA has only provided general guidance that this number should not exceed five copies/cell.[@bib40]^,^[@bib51] With the current uncertainty on the long-term biosafety profile for these therapies, the single-cell VCN distribution analysis may provide a more powerful quantification of cell clones with high VCN in the drug products before infusion in patients. In turn, this can increase the predictive power of how vector integrations may influence *in vivo* clonality, persistence, and efficacy of the product, all of which is information that would not be available from conventional population studies. Consequently, we envisage the scVCN assay to enable better process characterization during therapy development by evaluating, for instance, how modulation of critical process parameters may fine tune the resulting scVCN distribution. Similarly, process variability generated, for instance, by a difference in a donor's cells may be investigated in more fine details with this analytical tool, hence providing valuable insights into the transduction process robustness and consistency, which ultimately lead to the generation of high-quality and efficacious products.

In conclusion, with the development of this novel assay, we are pioneering the application of single-cell analysis of gene-modified cell therapies to study product heterogeneity and pinpoint process variability. We envisage the application of this method for the analytical characterization of cell products during process development to support optimized, cost-efficient, and more consistent manufacturing and to monitor the biosafety and critical quality attributes required by regulatory authorities.

Materials and Methods {#sec4}
=====================

Purification and Cryopreservation of CD3^+^ Cells {#sec4.1}
-------------------------------------------------

CD3^+^ cells were purified from healthy donors' Leukopaks received from Hemacare (Northridge, CA, USA). Upon reception, the leukapheresis material was analyzed using the Sysmex pocH-100i Automated Hematology Analyzer (Sysmex, Milton Keynes, UK), diluted with CliniMACS PBS/EDTA buffer (Miltenyi, Bisley, UK), supplemented with 0.5% human AB serum (Seralab, Hayward Heath, UK) and centrifuged at 300 × *g* for 15 min at room temperature to remove platelets. The CD3^+^ fraction was purified from the plasma on the CliniMACS Plus instrument (Miltenyi) using the CliniMACS CD4 and CD8 reagents (Miltenyi) anti-CD4 and anti-CD8 monoclonal antibodies conjugated to superparamagnetic iron dextran particles. The viability of the final CD3^+^ product was assessed using the Vi-CELL XR (Beckman Coulter, High Wycombe, UK) and Nucleocounter NC-200 (ChemoMetec, Allerod, Denmark). The number of CD45^+^ cells, CD3^+^ cells, CD4^+^ cells, and CD8^+^ cells was evaluated before and after the cell separation on the CliniMACS by flow cytometry on the Fortessa (BD Biosciences, San Jose, CA, USA). The acceptance criteria for the CD3^+^ cell purification were set as follows: (1) viability over 95% and (2) number of CD3^+^ cells over 95%. Following purification, a working cell bank of CD3^+^ cells was cryopreserved in CryoStor CS10 (Sigma, Gillingham, UK) until use.

Transduction and Expansion of CD3^+^ Cells {#sec4.2}
------------------------------------------

Upon thawing, CD3^+^ T cells were resuspended in X-Vivo 15 (Lonza, Huddersfield, UK), supplemented with 5% human serum (Seralabs, Hayward Heath, UK) and 500 U/mL of Proleukin (Novartis, Camberley, UK) at a cell density of 1 × 10^6^ cells/mL. T cells were activated with Transact (Miltenyi, Bisley, UK) following the manufacturer's recommendations for 6 h before proceeding to viral transduction.

The rLV.EF1.ZsGreen1-9 lentivirus (Clontech, Saint-Germain-en-Laye, France) was thawed on ice and added to the cell suspension. The cell suspension containing the lentiviral vector was seeded into MACS guanosine monophosphate (GMP) Cell Expansion Bags (Miltenyi, Bisley, UK) and incubated for 48 h at 37°C and 5% CO~2~. An equal volume of fresh medium containing 1,000 U/mL of Proleukin was added to the bags at days 3 and 5 after transduction. At day 7, the transduction efficiency was evaluated by flow cytometry; thereby, a cell aliquot was labeled with the Live/Dead near-infrared (IR) fixable dye (Life Technologies, Waltham, MA, USA) following the manufacturer's instructions. The remaining culture was resuspended in sterile PBS and processed for FACS or cryopreservation in CryoStor CS10.

Cell Sorting {#sec4.3}
------------

Transduced T cells were sorted using the FACSAria II (BD Biosciences). Before sorting, cells were labeled with the Live/Dead near-IR fixable dye and resuspended in sterile PBS, supplemented with 2% BSA and 2 mM EDTA (Sigma, Gillingham, UK). The gating strategy was based on forward scatter (FSC) and side scatter (SSC), exclusion of debris and aggregates, and Live/Dead dye exclusion. ZsGreen^+^ cells were then sorted in sterile PBS, supplemented with 2% BSA and 2 mM EDTA, and cultured in X-Vivo 15 (Lonza), supplemented with 5% human serum (Seralabs) and 500 U/mL of Proleukin (Novartis) at a cell density of 1 × 10^6^ cells/mL for 16--24 h before being cryopreserved in CryoStor CS10 (Sigma) until use. Before processing the cells in the C1 Single-Cell Auto Prep system, the cells were thawed and incubated for 12--16 h at 37°C and 5% CO~2~ in complete medium.

Isolation and Processing of Single Cells on the C1 Single-Cell Auto Prep System {#sec4.4}
-------------------------------------------------------------------------------

The C1 Single-Cell Auto Prep system (Fluidigm, San Francisco, CA, USA) was used to isolate and process transduced T cells on a Fluidigm 10- to 17-μm Single-Cell Open App Integrated Fluidic Circuit (IFC). A custom-made thermal protocol was designed with the C1 Script Builder (Fluidigm) to perform cell capturing, staining, and processing. The complete protocol was divided in three scripts: (1) priming of the IFC; (2) cell loading and staining; and (3) sample prep for lysis and targeted preamplification. The microfluidic chip was loaded using the standard manufacturer's instructions in a segregated pre-PCR room under a dedicated pre-PCR hood and primed on the Fluidigm C1 using the first script. Meanwhile, cells were counted on the Nucleocounter NC-200 and resuspended in PBS at a concentration of 5 × 10^5^ cells/mL. These were then mixed with the C1 Suspension Reagent (Fluidigm) in a 6:4 ratio to create a neutrally buoyant suspension. Once the priming step was completed, the cell suspension was loaded on the microfluidic chip with a Live/Dead staining solution containing calcein blue AM (Thermo Fisher Scientific, Waltham, MA, USA) and ethidium homodimer-1 (Thermo Fisher Scientific) to verify cell viability and number of isolated cells in each capture site, and the second script was run on the Fluidigm C1 system. At the end of this step, the microfluidic chip was imaged on the IN Cell Analyzer 2200 (GE Healthcare Life Sciences, Amersham, UK) using an automated acquisition script that took images in the brightfield, Texas Red excitation channel for ethidium homodimer-1, 4′,6-diamidino-2-phenylindole (DAPI) excitation channel for calcein blue AM, and fluorescein isothiocyanate (FITC) excitation channel for ZsGreen. The capture sites with live single cells were identified for further analysis. For targeted preamplification, custom-made primers were stocked at 20× concentration, corresponding to 6 mM, and the reaction mix was prepared combining 1× PreAmp Master Mix (Fluidigm) with target primers at 0.2× final concentration. All reagents were loaded on the microfluidic chip in a pre-PCR environment, according to the layout generated by the custom script, which was then run on the Fluidigm system on the same day or overnight. Harvesting from the microfluidic chip was performed in a segregated post-PCR room under a dedicated post-PCR hood. The amplified material from each capture site was transferred to a low-bind, 96-well PCR plate, following the layout described by Fluidigm to track the capture-site positions. Before harvesting, the plate was preloaded with 30 μL of Cell DNA Wash Buffer (Fluidigm), and 4 μL of amplified material was added to the plate to obtain 1:8.5 dilution. The diluted material was immediately used in droplet digital PCR.

Extraction of Genomic DNA and Population Analysis {#sec4.5}
-------------------------------------------------

Population VCN was determined using genomic DNA extracted from cell pellets. When this was done in parallel with the single-cell workflow, the remainder of the cell sample not needed for single-cell analysis was pelleted and subjected to gDNA extraction, using the DNeasy Blood and Tissue kit (QIAGEN, Hilden, Germany) and following the manufacturer's instructions. Quantification of the extracted gDNA was determined on the NanoDrop 8000 Spectrophotometer (Thermo Fisher Scientific) to assess stock concentration and quality. 20 ng of gDNA was used in all ddPCR reactions, following the protocol detailed below.

WGA and Targeted Preamplification in Tube {#sec4.6}
-----------------------------------------

WGA was performed using the commercially available kits: PicoPlex (Rubicon Genomics, Ann Arbor, MI, USA), MALBAC (TATAA, Goteborg, Sweden), and GenomePlex (WGA2; Sigma). All WGA reactions were carried out according to the manufacturer's instructions on gDNA extracted from transduced cells. To minimize the sampling effect, the following amounts of gDNA were used: 30 pg for MALBAC, 10 ng for GenomePlex, and 60 pg for PicoPlex. The resulting amplified DNA was purified using the DNA Clean & Concentrator-5 kit (Zymo Research, Irvine, CA, USA). Cleaned-up products were quantified with the Qubit fluorometer using a double-stranded DNA (dsDNA) BR (broad-range) kit (Invitrogen). Four independent replicates were amplified for each WGA kit. In addition, targeted preamplification was tested using preamp mixes from Fluidigm and Applied Biosystems. Two independent replicates were prepared per mix with 540 pg of the same gDNA used for the WGA kits, according to the manufacturer's instruction. The preamplification program included an initial enzyme activation step, which is 2 min for the Fluidigm preamp and 10 min for the Applied Biosystems preamp, followed by 14 cycles of amplification consisting of 15 s at 95°C and 4 min at 60°C. The products of the WGA and targeted preamplification were assayed in ddPCR using duplex hydrolysis probe-based assays targeting one reference gene (*RPPH1* or *TERT*) and one lentiviral gene (VG1, VG2, or VG3) each. In total, each replicate was assayed six times, with unique ddPCR duplex combinations.

Droplet Digital PCR {#sec4.7}
-------------------

Each ddPCR reaction was assembled as a multiplex assay reaction comprising one lentiviral target, labeled with fluorescein amidite (FAM), and either one human reference gene, labeled with ViC/HEX for duplex reactions, or two human reference genes, both labeled with ViC/HEX for triplex reactions. The primers and probes designed in house were purchased from Sigma, whereas the commercial human reference gene assay was purchased from Bio-Rad (in HEX) and Life Technologies (*RPPH1*, *TERT* in ViC). Custom-made primers were stocked at 20× concentration, corresponding to a concentration of 6 μM for the primers and 9 μM for the hydrolysis probe. In duplex reactions, each assay was used at 1× working concentration, whereas in triplex reactions, one human reference gene was used at 1.2× and the other one at 0.7× working concentration to adjust the fluorescence intensities and obtain optimal cloud separation. The ddPCR reaction mix was prepared containing 1× ddPCR Supermix for Probes without deoxyuridine-triphosphatase (dUTP; Bio-Rad, Watford, UK) and the hydrolysis probe assay in a pre-PCR environment prior to adding 4 μL of the diluted DNA sample in a final reaction volume of 22 μL. The preamplified material from each individual cell was divided appropriately to be used as a template of either six duplex or three triplex ddPCR reactions, allowing multiple measurements from each single cell. All single cells from the same IFC chip were analyzed simultaneously on the same ddPCR plate; therefore, each plate contained only one type of master mix, and multiple plates were generated. Reactions with gDNA from cell pellets and with banks were also prepared and run on the same plate alongside the single-cell material. The assembled ddPCR reactions were pipetted into a semi-skirted and PCR-clean 96-well plate (Bio-Rad) that was then loaded into the Automated Droplet Generator (AutoDG; Bio-Rad) for oil-droplet generation. A Veriti Thermal Cycler (Applied Biosystems) was used for PCR amplification with a ramp rate of 2°C/min (indicated as 60% on Veriti thermocyclers) and the following thermal program: 10 min at 95°C; 30 s at 95°C and 1 min at 62°C for 45 cycles; 10 min at 98°C. Fluorescence amplitude in each droplet was measured on the QX200 Droplet Reader (Bio-Rad) using ddPCR Droplet Reader Oil (Bio-Rad). Data acquisition and analysis were performed with the software package QuantaSoft AP (Bio-Rad). The fluorescence amplitude threshold was manually set closer to the average fluorescence amplitude of the positive droplet cluster. The same threshold was applied to all of the assays of each experiment. Results from single PCR wells were excluded from analysis if one of the following cases was observed: (1) the total number of accepted droplets was \<11,000, and (2) the average fluorescence amplitudes of positive or negative droplets were clearly different from those of the other wells on the plate.

Data Analysis {#sec4.8}
-------------

The VCN per diploid genome was calculated as the ratio between the number of vector and reference gene copies, according to the following formula:$$VCN = 2 \times \frac{vector\ target\ copies}{human\ reference\ target\ copies}.$$

This formula was used for both bulk gDNA and preamplified single material. In both cases, each sample was measured six times with unique combinations generated by six duplex ddPCR reactions or three triplex ddPCR reactions; therefore, six data points per sample were considered for statistical analysis.

Statistical analysis was performed in R (v.3.5.1) or in GraphPad Prism (v.8.3.1). All data points from one experiment were processed together, and quality filtering was applied to remove PCR artifacts. Data points that did not pass the quality filtering were replaced by not applicable (NA), and single cells with more than 3 NAs were removed. Correlation matrices for all measurements were generated using the *cor* function of *stat* package (v.3.5.1), whereas graphs were produced using *corrplot* (v.0.84).

Single-cell VCN predictions were based on Bayesian statistics. In order to estimate the probability of a given copy number, we initially defined a model for the noise in each dataset and assumed for simplicity that the variance was constant regardless of the copy number. To do so, we applied a variance-stabilizing transformation of the data and assumed that the transformed response was an observation of the true copy number under the same transformation plus Gaussian noise with zero mean and constant variance. Prior probabilities were determined by distributing equal probabilities across all possible vector copies in each dataset. The likelihood of each possible copy number was assigned to each single cell by assuming half-normal distribution around each possible copy number with absolute errors (i.e., half-normal distribution for zero copies and normal distribution for copies \>0). Normalized posterior probabilities were then inferred by multiplying the obtained likelihood for each copy by the prior probabilities. The maximum likelihood value was then used to identify the best estimate of the vector copy number for each given single cell. Upon averaging the scVCN values, the percent difference (ΔVCN) of the mean of scVCN predictions and the bulk gDNA was calculated with the formula below:$$\text{Δ}VCN\ \left( \% \right) = \frac{\left| \ pVCN - \bar{scVCN}\  \right|}{pVCN} \times 100,$$where $\bar{scVCN}$ is the mean of the single-cell VCN predictions, and pVCN is the bulk gDNA VCN.
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